Abstract: Despite the proven efficacy of statins, they often fail to achieve low-density lipoprotein (LDL) cholesterol goals, especially in high-risk patients. Moreover, a large number of subjects cannot tolerate statins or full doses of these drugs, in particular patients with familial hypercholesterolemia. Thus, there is a need for additional effective LDL cholesterol-reducing agents. Evolocumab (AMG145) is a monoclonal antibody inhibiting proprotein convertase subtilisin/kexin type 9 that binds to the liver LDL receptor and prevents it from normal recycling by targeting it for degradation. Phase I, II, and III trials revealed that, on subcutaneous injection, either alone or in combination with statins, evolocumab is able to reduce high LDL cholesterol levels from 54% to 80%, apolipoprotein B100 from 31% to 61%, and lipoprotein(a) from 12% to 36%, in a dose-dependent manner. The incidence of side effects seems to be low and mainly limited to nasopharyngitis, injection site pain, arthralgia, and back pain. Evolocumab is an innovative powerful lipid-lowering drug, additive to statins and/or ezetimibe, with a large therapeutic range associated with a low rate of mild adverse events. If the available data are confirmed in long-term trials with strong outcome measures, evolocumab will become an essential tool in the treatment of a large number of high-risk patients, such as those affected by familial hypercholesterolemia, those who are unable to tolerate an efficacious statin dosage, and those at very high cardiovascular risk and unable to achieve their target LDL cholesterol levels with currently available lipid-lowering therapies.
Introduction
Serum low-density lipoprotein (LDL) cholesterol levels seem to be the only reversible risk factor for cardiovascular disease, pharmacological reduction of which is not associated with a limit beyond which increased risk to health is found. 1 The paradigm of "the lower, the better" acting simultaneously on different pharmacological targets, has recently been confirmed by the results of the IMPROVE-IT trial, where simultaneous use of statins (inhibitors of liver cholesterol synthesis) and ezetimibe (inhibitor of cholesterol absorption from the bowel) led to a dramatic decrease in LDL cholesterol and a parallel decrease in the risk of cardiovascular disease. 2 However, despite this evidence, a large number of patients are not able to reach the desired LDL cholesterol target, mainly because of intolerance to standard treatment or very high baseline values related to genetic diseases of lipid metabolism. 3 In this context, the search for new drugs with different mechanisms of action could improve control of LDL cholesterol in patients at increased risk of developing cardiovascular disease.
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Cicero et al receptor, inducing its degradation (Figure 1) . 4 PCSK9 is synthesized primarily in the liver, then enters the circulation and binds to the hepatic LDL receptor, thus reducing the ability of the liver to remove LDL cholesterol. Therefore, increased activity of PCSK9 results in high LDL cholesterol levels, as shown in patients with gain-of-function mutations of this protease, 5 whereas loss-of-function mutations are associated with low LDL cholesterol levels and a reduced risk of coronary heart disease. 6 Low intracellular cholesterol levels (eg, in response to statin treatment) lead to activation of sterol regulatory element-binding protein-2, which causes coexpression of the LDL receptor and PCSK9; it is thought (albeit not clinically demonstrated as yet) that this coexpression could reduce the therapeutic effect of statins. 7, 8 On the basis of this evidence, specific human monoclonal antibodies directed against PCSK9 have now been developed, ie, 1D05-IgG2, evolocumab (AMG145), and alirocumab (REGN727/SAR236553). Phase II studies showed evolocumab and alirocumab to be effective in reducing LDL cholesterol from 40% to 80%. 9 Recent data from the first Phase III studies of PCSK9 inhibitors show LDL cholesterol reduction ranging from 54% to 80%. 10 This review summarizes the available clinical evidence on the efficacy and safety of evolocumab (AMG145), for which a relatively large amount of short-term and middle-term clinical data are currently available. domain of PCSK9 with high affinity (kDa 100 pM), strongly inhibiting its activity. 11 As a consequence, administration of evolocumab is associated with a rapid (within 14 days) and impressive dose-dependent reduction of LDL cholesterol, with a parallel reduction in apolipoprotein B100 (ApoB) levels.
Chemistry and pharmacodynamics
12,13
Pharmacokinetics
Evolocumab is administered subcutaneously. The drug exhibits nonlinear pharmacokinetics at a dose of 21-420 mg, meaning that the drug concentration in plasma does not increase strictly proportionally to the administered dose. Clearance can be described by parallel linear and nonlinear clearance pathways, ie, the pK for evolocumab reaches linearity at single doses 210 mg injected subcutaneously, with peak concentrations reached at 72 hours. Repeated doses above 140 mg exhibited linear kinetics. Again, in Phase II and Phase III studies, the kinetics of evolocumab follow an approximately linear profile at doses 140 mg every 2 weeks, when administered alone or with statins.
14
Clinical efficacy
In a Phase Ia study, 56 healthy subjects were randomized to receive evolocumab (n=42) or placebo (n=14), 15 and a mean LDL cholesterol decrease of up to 64% was found when compared with placebo (P0.0001). In a Phase Ib study, 42 hypercholesterolemic patients receiving statin treatment and 14 patients on placebo were enrolled, with the finding of a mean LDL cholesterol decrease of up to 81% versus placebo. Both studies showed that doses 20 mg start to have an effect on LDL cholesterol and that doses 420 mg/ every 4 weeks lead to an LDL cholesterol reduction of over 60%. Lipoprotein(a) [Lp(a)] decreased by up to 38% (P0.001) and ApoB decreased by up to 59% (P0.001) in the Phase Ib trial. 13 The mechanism by which evolocumab 16 Evolocumab significantly reduced LDL cholesterol in all groups. Changes from baseline LDL cholesterol level were dose-dependent, ranging from -41% (95% CI -46, -36) to -51% (CI -56, -46) with administration of evolocumab every 2 weeks, and from -39% (CI -44, -34) to -48% (-53, -43) with evolocumab every 4 weeks (P0.0001 for all doses versus placebo or ezetimibe).
The Phase III MENDEL-2 trial compared the effect of AMG145 (140 mg every 2 weeks or 420 mg monthly) with placebo and ezetimibe in hypercholesterolemic patients. 17 A total of 614 patients with fasting LDL cholesterol 100 mg/dL and 190 mg/dL and Framingham risk scores 10% were randomized. Evolocumab reduced LDL cholesterol from baseline by 55%-57% more than placebo and 38%-40% more than ezetimibe (P0.001). Approximately 70% of the patients on evolocumab achieved an LDL cholesterol level 70 mg/dL compared with ~1.5% of those on ezetimibe and ~0.5% on placebo. Evolocumab also significantly decreased ApoB, triglycerides, Lp(a), and non-high-density lipoprotein (HDL) cholesterol levels (all P0.05). HDL cholesterol concentrations were also significantly (P0.05) increased.
In the Phase II LAPLACE-TIMI 57 study, 18 631 hypercholesterolemic patients were randomly assigned to evolocumab 70 mg, 105 mg, or 140 mg, or matching placebo every 2 weeks; or to evolocumab 280 mg, 350 mg, and 420 mg, and matching placebo every 4 weeks. At week 12, the mean LDL cholesterol concentrations were dose-dependently reduced by evolocumab every 2 weeks (ranging from 41.8% to 66.1%; P0.0001 for each dose versus placebo) and evolocumab every 4 weeks (ranging from 41.8% to 50.3%; P0.0001). 19 This study also confirmed a dose-dependent effect of evolocumab on Lp(a) level, proportional to the baseline level of Lp(a), 20 ranging from -18% to -32.3%. This effect was also observed with other PCSK9 antibodies, and is likely to be a class effect. 21 The Phase III LAPLACE-2 study evaluated the efficacy and tolerability of evolocumab when used in combination with a moderate-intensity versus high-intensity statin in patients with primary hypercholesterolemia and mixed dyslipidemia. 22 This 12-week, randomized, double-blind, placebo-controlled and ezetimibe-controlled trial enrolled 1,899 patients, who were randomized to compare evolocumab (140 mg subcutaneous every 2 weeks or 420 mg subcutaneously monthly) with placebo subcutaneously (every 3 weeks or monthly) or ezetimibe (10 mg or placebo daily only for patients receiving atorvastatin) when added to statin therapies. Evolocumab reduced LDL cholesterol levels by 63%-75% versus placebo at a mean of weeks 10 and 12 in the moderate-intensity and high-intensity statin-treated groups. Evolocumab also reduced non-HDL cholesterol concentrations at a mean of weeks 10 and 12 by 58%-65%, ApoB by 51%-59%, and Lp(a) by 21%-36% (all versus placebo). Triglyceride concentrations were also decreased by 12%-30% in patients receiving evolocumab versus placebo, while HDL cholesterol levels were increased by 4%-10% versus placebo.
In the Phase II RUTHERFORD study, evolocumab was administered to statin-treated patients affected by heterozygous familial hypercholesterolemia, mainly because of loss-of-function mutations in the LDL receptor alleles (98%) and less commonly in relation to a defect in ApoB or gain-offunction mutation in PCSK9. 23, 24 Evolocumab was tested at doses of 350 mg and 420 mg every 4 weeks in 168 patients, whereas other 56 patients were treated with placebo plus statin. 25 Mean reduction in LD cholesterol was 43% in the 350 mg group and 55% in the 420 mg group, compared with a 1% increase in the placebo group (P0.001). At week 12, evolocumab 350 mg every 4 weeks resulted in LDL cholesterol 100 mg/dL in 70% of patients and evolocumab 420 mg every 4 weeks reached this target value in 89% of patients. An LDL cholesterol target 70 mg/dL was obtained in 44% and 65% of patients, respectively. LDL cholesterol changes were higher with evolocumab 420 mg than with alirocumab monthly, with similar statin doses. 26 A statistically significant dose-dependent reduction in triglycerides was also observed (15% and 20%, respectively), associated with an HDL cholesterol increase of approximately 7% and a dosedependent Lp(a) reduction ranging from 23% to 32%.
The Phase III RUTHERFORD-2 trial investigated the relationship between the response of LDL cholesterol to evolocumab and genotype in subjects with heterozygous familial hypercholesterolemia identified on the basis of clinical criteria, on stable lipid-lowering therapy for 4 weeks, and with fasting LDL cholesterol 100 mg/dL. 27 The patients were randomized 2:2:1:1 to receive evolocumab 140 mg every 2 weeks, evolocumab 420 mg monthly, placebo every 2 weeks, or placebo monthly for 12 weeks. Of the 331 randomized patients, 264 agreed to the genetic analysis, and of those, 80% had mutations known to cause familial hypercholesterolemia. Patients found to have an LDL receptor mutation were grouped by LDL receptor functional class as defective or negative. 28, 29 Evolocumab administered every 2 weeks, or monthly resulted in mean LDL cholesterol reductions at week 12 of 59% and 61%, respectively, versus placebo (P0.001): LDL cholesterol reductions with every 2 weeks or monthly dosing were 61% and 55% in those with an LDL receptor mutation associated with no function, 49% and 66% in those with defective function, and 62% and 63% where the LDL receptor status was unclassified. At week 12, LDL cholesterol 70 mg/dL was achieved by 68% and 63% of patients in the evolocumab 140 mg every 2 weeks and 420 monthly groups, respectively, compared with 2% of patients in the placebo groups. Compared with placebo, mean reductions in Lp(a) were 32% and 28% at week 12 (both doses P0.001). Treatment with evolocumab 140 mg every 2 weeks and 420 mg monthly compared with placebo resulted in mean triglycerides decreases of 20% (P0.001) and 12% (P0.05), respectively, at week 12. HDL cholesterol was increased by 9% in both evolocumab groups.
In the Phase II GAUSS study, evolocumab was tested in statin-intolerant patients, comparing the effect of evolocumab at doses of 280 mg, 350 mg, and 420 mg with that of placebo/ ezetimibe. 30 Statin intolerance was defined as inability to tolerate effective doses of at least two different statins because of myalgia, myopathy, myositis, or rhabdomyolysis that resolved after statin discontinuation. Maximal reduction in LDL cholesterol was observed within 2 weeks of treatment, with or without ezetimibe. At week 12, LDL cholesterol changes were dose-related, ranging from -67 to -91 mg/dL, increasing to -110 mg/dL in the 420 mg + ezetimibe group. Lp(a) levels were reduced by 20%-29% in the evolocumab-treated groups (all P0.001). The increase in HDL cholesterol ranged from 6% to 12%, compared with the placebo/ezetimibe group, with similar increases seen in ApoA1.
In the Phase III GAUSS-2 trial, researchers evaluated the efficacy and safety of evolocumab compared with oral ezetimibe in patients with hypercholesterolemia unable to tolerate effective statin doses (~10%-20% of patients were receiving statins). 31, 32 The GAUSS-2 trial was a 12-week, double-blind study, which enrolled 307 patients (mean age: 62±10 years, mean baseline LDL cholesterol: 193±59 mg/dL) on no statin or on a low-dose statin (weekly dose seven times the smallest available tablet strength). Mean percent reductions from baseline at a mean of weeks 10 and 12 were 56.1% with 140 mg every 2 weeks and 55.3% with 420 mg once monthly, corresponding to treatment differences versus ezetimibe of 36.9% and 38.7%, respectively (P0.001), with similar mean percent reductions at week 12 (P0.001). Evolocumab-treated patients were more likely to achieve LDL cholesterol target levels than ezetimibe-treated patients (~76.5% versus ~5.5%, respectively). Compared with ezetimibe, evolocumab resulted in significant reductions in ApoB, Lp(a), non-HDL cholesterol concentrations, and ApoB/ApoA-I and total cholesterol/HDL cholesterol ratios (P0.001).
The Phase III DESCARTES trial evaluated the safety and efficacy of 52 weeks of treatment with evolocumab. 33 Patients with an LDL cholesterol level 75 mg/dL were randomly assigned in a 2:1 ratio to receive either evolocumab (420 mg) or placebo every 4 weeks for 52 weeks. Nine hundred and one patients were included in the primary analysis. The reduction in LDL cholesterol from baseline in the evolocumab group, taking into account the change in the placebo group, was 57.0%±2.1% (P0.001). LDL cholesterol levels were reduced to below 70 mg/dL in 82.3% of patients in the evolocumab group, compared with 6.4% in the placebo group. Evolocumab also significantly decreased the concentrations of ApoB (44.2%), non-HDL cholesterol (50.3%), Lp(a) (22.4%), and triglycerides (11.5%). HDL cholesterol was significantly increased by 5.4%.
In the Phase III TESLA Part B trial, 50 patients with homozygous familial hypercholesterolemia on stable lipidlowering therapy and not on lipoprotein apheresis received either subcutaneous evolocumab 420 mg or placebo every 4 weeks for 12 weeks. 34 Of the 50 patients randomized, 49 completed the study (16 in the placebo group and 33 in the evolocumab group). Evolocumab significantly reduced LDL cholesterol (as measured by ultracentrifugation) by 30.9% compared with placebo. These data confirm the results of a previous small trial carried out in patients with receptor-negative or receptor-defective homozygous familial hypercholesterolemia, in which eight patients treated with subcutaneous 420 mg evolocumab every 4 weeks for 12 weeks, followed by 420 mg evolocumab every 2 weeks for 12 more weeks. At week 12, the mean change from baseline in LDL cholesterol was -16.5% (range 5.2% to -43.6%; P0.078) and -13.9% (range 39.9% to -43.3%; P0.148) with 4-week and 2-week dosing, respectively. While no LDL cholesterol reduction was seen in the two receptor-negative patients over the treatment period, the mean LDL cholesterol reduction in the six LDL receptor-defective patients was 19.3%±16% and 26.3%±20% with 4-week and 2-week dosing, respectively Drug Design, Development and Therapy 2015:9 submit your manuscript | www.dovepress.com
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Efficacy and safety of evolocumab (P=0.03 for both values), ranging from 4% to 48% with the 2-week dosing regimen. 35 The main characteristics of these studies are summarized in Tables 1-3. The OSLER trial was then started in October 2011 to evaluate whether long-term exposure to evolocumab is safe and well tolerated on a background of standard of care. More than 1,100 hypercholesterolemic participants were enrolled from the Phase II trials, and the study is planned to end in May 2016. [36] [37] [38] Among the Phase III trials aiming to confirm the efficacy and safety of evolocumab in a specific subpopulation of hypercholesterolemic subjects, the main one is PROFICIO, while the FOURIER study, that started in January 2013 and will continue to 2018, is evaluating whether evolocumab decreases cardiovascular events versus placebo in 22,500 patients with cardiovascular disease.
39
Safety and tolerability data
Based on the available pharmacological data for evolocumab, we could foresee two main types of possible toxicity. Targetrelated toxicity includes the effects of antibodies in nonintended tissues. Modality-related toxicity includes acute hypersensitivity reactions. Another restricting point could be the formation of antibodies against murine and chimeric antibodies, ie, an antiantibody response, which is very low for fully humanized antibodies. The most safe/efficacious dosages of ascending doses of evolocumab have been tested in pharmacodynamic and pharmacokinetic studies performed in patients using stable doses of statins. 40 No serious adverse events were observed in the Phase I studies of evolocumab, but myositis was reported in three patients, with creatine kinase elevations 2.5-5 times the upper limit of normal, which resolved in less than 4 weeks. 13 In the MENDEL study, nonserious adverse events occurred with a similar incidence in evolocumab-treated, placebo-treated, and ezetimibe-treated patients (46%-58%); no serious treatment-related adverse events were reported. 16 Also, in the MENDEL-2 trial, 17 nonserious adverse events occurred with a similar incidence in evolocumab-treated, placebo-treated, and ezetimibe-treated patients (44%-46%). Serious adverse events occurred in 1.3% of the patients receiving AMG145 versus 0.6% in both the placebo and ezetimibe groups.
The LAPLACE-TIMI 57 study evaluated different doses of evolocumab together with statin ± ezetimibe, but no serious adverse events occurred. Treatment-related adverse events were similar in the evolocumab and placebo groups; none of these events was severe. 18, 19 In the LAPLACE II trial, nonserious adverse events occurred with a similar incidence in evolocumab-treated, placebo-treated, and ezetimibetreated patients (36%-40%), with back pain, arthralgia, headache, muscle spasms, and pain in the extremities being the most common adverse events in the evolocumab-treated patients. 41 In the RUTHERFORD study, 23, 24 the most common treatment-related adverse events were nasopharyngitis (12.5% with evolocumab 350 mg, 12.7% with evolocumab 420 mg, and 10.7% with placebo), injection site pain (9.1% with 350 mg, 3.6% with 420 mg, and 1.8% with placebo), and headache (5.5% with 350 mg, 5.4% with 420 mg, and 8.9% with placebo). Nasopharyngitis was thought to be caused by an immune-mediated process, but the exact underlying pathogenetic mechanism has to be fully clarified. Only one patient treated with evolocumab 420 mg experienced creatine kinase increase more than ten times the upper limit of normal without symptoms. An increase in transaminases more than three times (but less than five times) the upper limit of normal was observed in two patients treated with evolocumab. In the RUTHERFORD-2 trial, the incidence of nonserious and serious adverse events was comparable with rates reported in previous studies of evolocumab. 42 In the GAUSS study, the most common treatment-related adverse effect was myalgia, which occurred at the highest incidence in 5% of the 280 mg group and 20% in the evolocumab/ ezetimibe group. 40 Registered serious adverse events were coronary artery disease, acute pancreatitis, hip fracture, and syncope, but they were considered not related to the tested lipidlowering treatment. Two patients experienced creatine kinase levels higher than ten times the upper limit of normal during the study, but values normalized after treatment cessation.
In the GAUSS II trial, muscle-related adverse effects occurred in 12% of evolocumab-treated patients and 23% of ezetimibe-treated patients. Myalgia occurred in 8% of evolocumab-treated patients and 18% of ezetimibe-treated patients. Patients using low-dose statin therapy were more likely to develop myalgia, both in the ezetimibe group (statin versus no statin, 21% versus 17%) and the evolocumab group (statin versus no statin, 17% versus 6%). 43 In the OSLER trial, adverse events occurred in 81.4% of patients treated with evolocumab and in 73.1% of those in the standard treatment group. The five most common adverse events in the evolocumab group compared to the standard group were nasopharyngitis (12.2% versus 9.8%), upper respiratory tract infections (7.7% versus 7.6%), influenza (7.1% versus 5.2%), arthralgia (6.9% versus 4.3%), and 
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Efficacy and safety of evolocumab back pain (6.5% versus 5.4%). Other reported adverse events included muscle-related events (9.2% versus 9.8%), elevated liver function tests (1.8% versus 1.6%), and elevated creatine kinase (1.0% versus 1.9%). Serious adverse events occurred in a similar percentage in patients treated with evolocumab (7.1%) and in those in the standard care group (6.3%). 37, 38 In the DESCARTES trial, the overall incidence of adverse events occurring during treatment was similar in the evolocumab group (74.8%) and the placebo group (74.2%). The most common adverse events in the evolocumab group were nasopharyngitis, upper respiratory tract infection, influenza, and back pain. 33 In the TESLA Part B trial, adverse events occurred in 63% of the patients in the placebo group and in 36% of the patients in the evolocumab group. No serious adverse events occurred, and no anti-evolocumab antibody development was detected during the study. 34 
Discussion
In clinical practice, reduction of LDL cholesterol levels is usually achieved by use of reversible inhibitors of 3-hydroxy-3-methylglutaryl-coenzyme A reductase (statins), also associated with inhibitors of the intestinal absorption of cholesterol (ionic exchange resins, such as cholestyramine or colestimide, colestipol, or ezetimibe). 44 This strategy is usually effective and relatively well tolerated; however, subjects at high risk for cardiovascular disease, ie, those requiring more intensive treatment for reduction of hypercholesterolemia, often do not reach the desired LDL cholesterol target, either because of lack of efficacy of the available therapies or because of side effects of the high drug dosages required. 45, 46 In this context, an overall well-tolerated new treatment option, enlarging and empowering our ability to manage high-risk patients, especially when statin-intolerant (at least according to the definition used in the above cited trials), could be a great innovation in therapy. 47 This is clearly useful when following the indications given by European Society of Cardiology/European Atherosclerosis Society guidelines, 48 which focus their attention on baseline cholesterol levels and use a targeted approach, the LDL-C target seems to be less relevant when considering American College of Cardiology/American Heart Association guidelines, which have a statin-centered approach independent of baseline cholesterol levels and a specific LDL cholesterol target to be reached. 49 Moreover, evolocumab positively modulates the whole lipid pattern, significantly decreases the Lp(a) level, 50 a genetically determined lipid risk factor, and other lipid and lipoprotein fractions such as ApoB, triglycerides, and non-HDL cholesterol, while increasing the HDL cholesterol level. Due to the strong LDL cholesterol-lowering achieved with evolocumab, levels of LDL cholesterol well below 50 mg/dL will be observed in a large number of patients treated with these agents. 10 Even if the clinical relevance of the Lp(a)-reducing effect has to be tested in further trials, it could be really useful, especially considering the scarcity of drugs acting on Lp(a). 51 What is even more encouraging is that similar efficacy and safety data have been confirmed also with alirocumab, another independently developed human anti-PCKS9 antibody. 52, 53 In summary, evolocumab is a powerful lipid-lowering drug, with an apparently large dose-dependent therapeutic range associated with a low rate of usually mild adverse events. Its efficacy seems to be evident both when administered alone and when given in association with statins and/ or ezetimibe. If the available data are confirmed in long-term trials with strong outcomes, evolocumab will provide an essential tool to efficiently treat high risk patients who need to reach ambitious LDL cholesterol targets.
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